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Abstract: We describe the fiber structural dependence of guided acoustic-wave Brillouin
scattering (GAWBS) phase noise in a digital coherent optical fiber transmission. We present
theoretical and experimental analyses of GAWBS phase noise spectra in three types of optical
fibers and show that the GAWBS resonant modes are distributed over a wider bandwidth as the
effective core area of the fiber becomes smaller. We also use a vector signal analysis to show
phase fluctuations caused by GAWBS. On the basis of these analyses, we show that the GAWBS
phase noise fluctuation has a Gaussian distribution, which is used to evaluate its influence on the
BER characteristics in a coherent QAM transmission. As a result, we found that the error-free
transmission distance in SSMF is limited to 4600, 1200, and 340 km with 64, 256, and 1024
QAM, respectively, assuming a hard-decision FEC with a 7% overhead. These results provide
useful insights into the influence of GAWBS on digital coherent transmission.
© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
1. Introduction
Digital coherent QAM transmission with high multiplicity has gained a lot of attention with
respect to achieving high spectral efficiency approaching the Shannon limit. As the QAM
multiplicity increases, the transmission performance becomes more susceptible to phase and
intensity noise. It is therefore very important to compensate precisely for such impairments.
Recently, guided acoustic-wave Brillouin scattering (GAWBS) [1,2] has attracted interest as a new
signal impairment mechanism in digital coherent transmissions [3–6]. GAWBS is non-stimulated
forward scattering that occurs when light interacts with a transverse acoustic vibration induced
in a quartz glass fiber under thermal equilibrium conditions. GAWBS induces optical phase
noise, which causes an error floor in an ultra-multilevel QAM transmission such as a 1024 QAM
transmission [6]. Analog and digital compensation methods have been proposed as ways of
eliminating this phase noise [3].
It is also important to study the fiber structural dependence of GAWBS noise. Several groups
have investigated the GAWBS noise induced in polarization-maintaining fibers [7], photonic
crystal fibers [8,9], hole-assisted fibers [10], and few-mode fibers [11,12]. However, there has
been no report related to the fiber structural dependence of GAWBS noise that focused on a
digital coherent transmission.
In this paper, we describe the theoretical and experimental analyses of GAWBS phase noise
in various optical fibers and discuss its influence on a digital coherent transmission. First, we
numerically calculated the phase noise spectrum caused by GAWBS in three types of optical
fibers with different effective core areas Aeff , including an ultra-large area fiber (ULAF), a
standard single-mode fiber (SSMF), and a dispersion-shifted fiber (DSF). Then, we measured the
GAWBS noise spectrum in each fiber using a heterodyne detection system. These results indicate
that the GAWBS noise becomes larger with a broader bandwidth when the Aeff of the fiber is
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smaller. Furthermore, we measured the amount of phase fluctuation caused by GAWBS using a
vector signal analysis. From these experimental results, we formulated the GAWBS phase noise
based on the Gaussian distribution and evaluated its influence on the BER characteristics in a
coherent QAM transmission. We also estimated the error-free transmission distances of 64, 256,
and 1024 QAM signals in various fibers.
2. Theoretical analysis of GAWBS phase noise in various optical fibers
GAWBS has two important resonant modes called the R0m and TR2m modes [1,2]. The R0m
mode vibrates only in the radial direction, which induces pure phase noise in the optical signal.
On the other hand, the TR2m mode vibrates in both the radial and torsional directions. Therefore,
the TR2m mode induces phase noise and depolarization simultaneously. Here, the scattering
efficiency of the R0m mode is generally more dominant than that of the TR2m mode. The power
level of the GAWBS for the TR2m mode is approximately one tenth that of the R0m mode. Here,
therefore, we focus on the GAWBS phase noise caused by the R0m mode.
First, we derive the phase shift of the propagating light caused by the R0m mode. In general, the
acoustic wave, which is responsible for the GAWBS, is excited by the thermal vibrations in quartz
glass under thermal equilibrium conditions. In these thermal vibrations, several components that
satisfy the boundary condition, namely that the fiber surface is stress-free, resonate as standing
waves. They induce the R0m acoustic mode. The boundary condition for the R0m mode is given
by [13]
(1 − α2)J0(y) − α2J2(y) = 0 (1)
where α is the ratio of the transverse sonic velocity Vs (= 3740 m/s) to the longitudinal sonic
velocity Vd (= 5996 m/s) in quartz glass, and Jn(y) is an n-th order Bessel function. The resonant





where a (= 62.5 µm) is the fiber radius and ym is the m-th solution in Eq. (1). From the boundary







where CRm is the amplitude of the acoustic wave [14]. This displacement Ur(r) causes strains































in the R0m mode. Then, the strains Srr(r) and Sθθ (r) induce a refractive index change ∆n0m in the




(P11 + P12)(Srr(r) + Sθθ (r)) (5)
Here, P11(=0.121) and P12(=0.270) are the photo-elastic coefficients of quartz glass, and n is the
refractive index of the fiber core. Figure 1 shows examples of the refractive index change profile
∆n0m(r) for the R0,5, R0,6, and R0,7 modes. The vertical axis is normalized by the maximum
value of each ∆n0m(r). Since the expression of ∆n0m(r) includes a 0-th order Bessel function
J0(r), it has a large peak at the center. Furthermore, the number of radial vibrations increases as
the mode order m increases.
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Fig. 1. Refractive index change profiles induced by the (a) R0,5, (b) R0,6, and (c) R0,7
modes.
The refractive index change ∆n0m(r) causes an optical phase shift in the light propagating in
the core, which can be expressed by the overlap integral between ∆n0m(r) and the optical mode

















Here, k is a propagation constant, l is the fiber length, w is the mode field diameter, which is given
by w =
√
Aeff/π using the Aeff of the fiber, and the mode field is approximated as a Gaussian
profile. In our analysis, we calculated the GAWBS noise generated in three types of optical fibers,
namely, ULAF, SSMF, and DSF. As shown in Table 1, the Aeff values of these fibers are 153, 80,
and 45 µm2, respectively.
Figure 2 shows the mode profile of the optical fields E(r) (blue curve) of ULAF and DSF, and
the refractive index change ∆n0m(r) (red curve) induced by the R0,5, R0,6 and R0,7 modes. The
vertical axis is normalized by each maximum value. The magnitude of the optical phase shift
caused by GAWBS becomes larger when the E(r) and ∆n0m(r) profiles are closer. These figures
show that a high-order R0m mode provides a better match with the optical field of a smaller Aeff
fiber.
Table 1. Effective core area Aeff of three types of optical fibers.
ULAF (ultra-large area fiber) SSMF (standard single-mode fiber) DSF (dispersion-shifted fiber)
153 µm2 80 µm2 45 µm2
Figure 3 shows the power of the GAWBS phase noise spectrum induced by each R0m mode,
which is calculated with Eq. (6), and the vertical axis is normalized by the maximum power of
the phase noise induced in the ULAF (R0,4 mode). As Aeff becomes smaller, the resonant mode
of the GAWBS is distributed over a wider bandwidth, and the order of the R0m mode exhibiting
the maximum power becomes higher. The ratio of the total power of the phase noise components
of each fiber was ULAF:SSMF:DSF= 1:1.62:2.48. This result indicates that the GAWBS phase
noise increases when a smaller Aeff fiber is used.
Figure 4 shows the GAWBS phase noise power calculated as a function of Aeff for the R0,1, R0,4,
R0,8 and R0,12 modes. The GAWBS phase noise caused by the R0,1 mode is constant regardless
of Aeff , because the refractive index change ∆n due to the R0,1 mode has a flat profile around
the core and thus the overlap integral between the mode field and ∆n is insensitive to Aeff . The
vertical axis for other modes is normalized with this constant value. On the other hand, as the
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Fig. 2. Comparison of overlaps between the optical electric field and the refractive index





















Fig. 3. The power of GAWBS phase noise spectrum induced by each R0m mode. The
vertical axis is normalized by the maximum power of the phase noise induced in ULAF
(R0,4 mode).
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order of the R0m mode increases, the ∆n profile becomes sharper around the center and thus the
overlap integral with the mode field is more sensitive to Aeff . This leads to the larger dependence



























Fig. 4. The change in the GAWBS phase noise power calculated as a function of Aeff for
the R0,1, R0,4, R0,8 and R0,12 modes.
3. Experimental analysis of GAWBS phase noise in various optical fibers
In this section, we describe the experimental results we obtained for GAWBS phase noise
measurement. Based on our previous work [15] where we reported the GAWBS phase noise
spectrum, we compared the results with the analytical results presented in section 2. Furthermore,
we measured the amount of the phase fluctuation caused by GAWBS by using a signal vector
analysis and discussed its influence on the transmission distance.
Figure 5(a) shows the heterodyne detection setup that we adopted to observe GAWBS phase
noise [15]. As a transmitter and LO source, we used a CW fiber laser with a linewidth of 4
kHz. We also used three types of 150∼160 km optical fibers as in the theoretical analysis. The
optical fiber transmission line comprised two spans of 80 km ULAF, 80 km SSMF, or 75 km
DSF. The transmission loss was compensated for by using both EDFAs and Raman amplifiers,
resulting in an OSNR of more than 40 dB after the transmission. At the receiver, the polarization
of the transmitted signal was aligned with that of the LO by using a polarization controller (PC).
And then, the signal was heterodyne detected with the LO using a PD, and the obtained IF
spectrum was measured with an RF spectrum analyzer. The phase fluctuation of the IF signal
was analyzed by using the digital signal processor (DSP) shown in Fig. 5(b). In the DSP, first a
carrier synchronized with the IF signal was generated, and the phase difference between the IF
and the carrier was detected using a digital double balanced mixer (DBM) and a digital low pass
filter. This gave us the phase fluctuation induced by GAWBS.
Figure 6 shows the GAWBS phase noise spectrum that we measured in each optical fiber
transmission line and also plots of the calculation results. The vertical axes of all the calculation
plots are normalized by themaximumpower of the phase noise component in a 160 kmULAF (R0,4
mode). The frequency and power of the measured phase-modulated component corresponding to
each R0m mode agree well with the calculation results. This result indicates that the GAWBS
noise can be precisely measured with our heterodyne detection system. The ratio of the integral
power of the phase modulation components of each fiber was ULAF:SSMF:DSF= 1:1.64:2.30,
which is also in good agreement with that obtained by theoretical analysis.
Next, we measured the amount of phase fluctuation caused by GAWBS after a 150∼160 km
transmission by using a vector signal analysis as shown in Fig. 5(b), where the optical carrier
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signal was A/D converted and analyzed offline with a DSP. Figure 7 shows the vector analysis
results of the phase noise in the optical carrier after transmission through each fiber. The
amounts of phase fluctuation induced in a 160 km ULAF, a 160 km SSMF, and a 150 km DSF
were± 0.98,± 1.24, and± 1.61 degrees, respectively. We also measured the phase fluctuation
under a back-to-back condition. To set the OSNR of the IF signal so that it was the same as
that obtained after a fiber transmission, we replaced the fiber transmission line with an optical
attenuator. The phase fluctuation under the back-to-back condition was± 0.53 degrees. Therefore,
the increases in the phase noise after transmission through each fiber were estimated to be 0.45,
0.71, and 1.08 degrees, respectively. Their ratio was ULAF: SSMF: DSF= 1: 1.58: 2.40. Table 2
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Fig. 5. (a) The heterodyne detection setup for observing GAWBS phase noise generated in



















































Fig. 6. Experimentally measured GAWBS phase noise spectra observed after (a) 160 km
ULAF, (b) 160 km SSMF, and (c) 150 km DSF. The calculated results shown in Fig. 3 are
also plotted as filled circles.
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analyses, where all the results are in good agreement. These results indicate that the GAWBS
phase noise strongly depends on the Aeff of the fiber.
Fig. 7. Vector analysis results for the phase noise in the optical carriers after a 150∼160 km
transmission. (a) 160 km ULFA, (b) 160 km SSMF, and (c) 150 km DSF.
Table 2. The ratio of GAWBS phase noise in each fiber obtained with theoretical and experimental
analyses
ULAF SSMF DSF
Calculated phase noise spectrum (Fig. 3) 1 1.62 2.48
Measured phase noise spectrum (Fig. 6) 1 1.64 2.30
Measured phase fluctuation (Fig. 7) 1 1.58 2.40
Next, we evaluated the GAWBS phase noise dependence on the transmission distance. Figure 8
shows the measured phase fluctuation as a function of transmission distance, where we used
SSMF. As shown in Fig. 8, the phase noise increased in proportion to the transmission distance.
Figure 9 shows histograms of the phase fluctuation magnitudes of the IF signals shown in
Fig. 8. It can be seen that they have a Gaussian distribution. The variance of the phase fluctuation
σ2 is also shown in the figure, which was obtained by a Gaussian fitting. There is no GAWBS
noise in the back-to-back measurement shown in Fig. 9(a), where there is a small distribution
along the phase direction σ2bb caused by the amplitude noise. Taking this small distribution into
account, the GAWBS-induced phase fluctuation σ2G(z) after transmission over a distance z can
be written as
σ2(z) = σ2bb + σ
2
G(z). (8)
The relationship between z and σ2G(z) obtained from Fig. 9 is shown by the blue dots in Fig. 10.
The vertical intercept corresponds to σ2bb. It can be seen that σ2(z) grows in proportion to z.
The variances of the phase noise after propagation over a 160 km ULAF and a 150 km DSF in
Fig. 7 are also plotted by the orange and green dots, respectively. Their linear fitting with the
intercept σ2bb is also shown by the solid lines. From Fig. 10, the GAWBS phase noise δΦGAWBS
after propagation over z is written as
δΦGAWBS(z, t) = σG(z) × fr(t), (9)
σ2G(z) = C × z (10)
Here, fr(t) is a random variable following a Gaussian distribution with a zero mean and a
variance of 1, and the slope C is 5.56× 10−7, 8.76× 10−7, and 1.21× 10−6 for ULAF, SSMF, and
DSF, respectively.
We used these results to evaluate the influence of the GAWBS phase noise on BER performance
in a multi-level coherent QAM transmission. Figures 11(a) – 11(c), respectively, show the BERs







Fig. 8. Vector analysis results of the phase noise in the optical carrier as a function of the
transmission distance. (a) Back-to-back, (b) 80 km, (c) 160 km, (d) 240 km, (e) 320 km, and
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Fig. 9. Histogram of optical carrier phase noise as a function of transmission distance. (a)
Back-to-back, (b) 80 km, (c) 160 km, (d) 240 km, (e) 320 km, and (f) 400 km SSMF.
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Fig. 10. Variance of optical carrier phase noise as a function of transmission distance.
Orange, blue and green plots correspond to ULAF, SSMF, and DSF, respectively.
of 64, 256, and 1024 QAM signals impaired by the GAWBS phase noise δΦGAWBS, where the
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Fig. 11. Results of numerical analyses of the influence of GAWBS phase noise on BER
performance in multi-level QAM transmissions. (a) 64 QAM, (b) 256 QAM, and (c) 1024
QAM.
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an error-free transmission distance with and without FEC estimated from Fig. 11. Here, the
error-free distance is defined as the distance at which the BER is below 1× 10−9 without FEC
and 2× 10−3 with FEC assuming a hard-decision FEC with a 7% overhead. As shown in the
table, the error-free distance in SSMF is limited to 4600, 1200, and 340 km, respectively, for 64,
256, and 1024 QAM transmissions even with FEC. By using ULAF, the error-free distances can
be extended to 7100, 1900, and 510 km, but these are less than the transoceanic distance.
Table 3. Estimated transmission distances tolerant of GAWBS phase noise for 64, 256, and 1024
QAM in three fibers without and with FEC
ULAF SSMF DSF
w/o FEC w/ FEC w/o FEC w/ FEC w/o FEC w/ FEC
64 QAM 1200 km 7100 km 780 km 4600 km 530 km 3300 km
256 QAM 270 km 1900 km 170 km 1200 km 120 km 870 km
1024 QAM 63 km 510 km 40 km 340 km 30 km 240 km
4. Conclusion
We described our theoretical and experimental analyses of the GAWBS phase noise in three types
of optical fibers, namely, ULAF, SSMF, and DSF. We revealed that the GAWBS phase noise
depends strongly on the fiber Aeff , and the use of fibers with a larger Aeff is effective in reducing
the GAWBS noise. We also measured the amount of phase fluctuation caused by the GAWBS
and found that the phase noise had a Gaussian distribution. We then analyzed the influence of the
GAWBS phase noise on the BER characteristics in a coherent QAM transmission numerically
and evaluated the limit imposed on the transmission distances by GAWBS noise in various fibers.
These results prove the impact of GAWBS on a digital coherent transmission.
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